Diminished stem-cell functions with age may be a major cause of anemias and other defects. Unfortunately, treatments that increase stem-cell function can also increase the incidence of cancers. Lifelong dietary restriction (DR) is known to decrease spontaneous cancers and lengthen lifespan. This study examines the effect of DR on the ability of bone marrow cells to repopulate irradiated recipients and produce erythrocytes and lymphocytes. In BALB/cByJ (BALB) mice, repopulating abilities decline with age; DR ameliorates this trend. In C57BL/6J (B6) and (BALB ؋ B6) F1 hybrid (F1) mice, repopulating abilities increase with age; DR maintains this increase. Hematopoietic stem cell (HSC) numbers are highly variable in aged BALB mice; however, the observed loss of marrow function results from a major loss in repopulating ability per HSC. DR greatly ameliorates this loss of function with age. In contrast, function per HSC in B6 mice is affected neither by age nor by DR. Thus, DR increases or maintains increased marrow repopulating ability with age in the 3 different genotypes tested, but effects on function per HSC depend on genotype. That DR increases or maintains stem-cell function with age, while decreasing cancer, has far-reaching health implications. 
Introduction
Decline in repopulating and differentiating abilities of hematopoietic stem cells (HSCs) is characteristic of human diseases such as aplastic anemia and bone marrow (BM) failure. The common unexplained anemias 1 in elderly people can be caused by declining HSC functions with age. These anemias are serious diseases with high financial and personal costs. 2, 3 The functional defects found in HSCs may be an example of a more generalized intrinsic loss of proliferative capacity that occurs in all aged adult stem cells. 4, 5 Thus, interventions that maintain HSC function with age will help alleviate these serious diseases and benefit health.
Laboratory mice provide well-recognized models in which to study hematopoietic defects. Genetic regulation of the age-related decline in BM repopulating and differentiating abilities has been demonstrated by the in vivo comparison of these abilities among mouse strains. [6] [7] [8] [9] [10] The ability of bone marrow cells (BMCs) to repopulate and produce erythrocytes and lymphocytes is reduced in old DBA/2J (D2) and old BALB/cByJ (BALB) compared with young controls. However, BM from old C57BL/6J (B6) mice actually has a greater repopulating ability than BM from young controls, [6] [7] [8] [9] [10] although its ability to repopulate after serial transplantation diminishes. 6, 11, 12 These strain-related differences are apparently the result of the underlying genetic differences in stem-cell exhaustion. 11 Because the patterns of aging differ among mouse strains, it is important to examine HSC aging in more than a single strain of mice.
The maximal potential lifespan of an organism may in part be determined by the increased risk of cancer concomitant with mechanisms that can maintain stem-cell function in aging subjects. 12, 13 Thus, the loss of function in aging stem cells is a consequence of reducing the probability that cells will transform.
This paradigm, which balances functional senescence and cancer risk, is supported by recent studies in which precursor ability and cancer were linked in the predicted manner to the expression of the tumor-suppressor p16 INK4a . [14] [15] [16] [17] [18] Dietary restriction (DR) appears to break this paradigm. It is well known that DR decreases incidences of murine cancer with age, [19] [20] [21] counteracts most aging processes, and extends maximal lifespan in rodents. [22] [23] [24] [25] [26] Initial work in BALB mice showed that DR prevents both the loss of HSC clonal stability and the loss of BMC functional abilities with age. 27 Combined, these previous studies suggest that it is possible to both maintain function with age and decrease the risk of cancer. Under different genetic regulation in B6 mice, the repopulating ability of BMCs and the numbers of HSCs present are known to increase with age. [6] [7] [8] [9] [10] This raised the question of whether lifelong DR would inhibit the age-related increase in repopulating ability found in B6 mice.
This study will examine the hypothesis that DR, known to decrease the incidence of cancer, can simultaneously increase or maintain increased HSC functions with age across various genetic backgrounds. The competitive repopulation assay (CRA) is combined with flow cytometric analysis to test not only how age and DR affect the functional ability of whole BMCs, but also whether the functional ability per HSC is altered. The ratio of erythrocyte percentage to lymphocyte percentage (E/L ratio) in peripheral blood 6 months after transplantation will test whether age or DR alters the ability of HSCs to proportionally produce multiple lineages of differentiated cells. Establishing the effects of DR in models under different genetic regulation is important for future studies that wish to investigate the relationship of in vivo responses to molecular mechanisms. If a candidate mechanism truly regulates the effects of DR, it will need to alter stem-cell function and the incidences of cancer according to the different patterns generated in these divergent models.
Methods

Mice and dietary management
Inbred female BALB/cByJ and C57BL/6J mice, along with male (BALB ϫ B6) F1 hybrid mice (CByB6F1/J), were produced and maintained in a barrier colony at the Jackson Laboratory (Bar Harbor, ME). At weaning (3 weeks of age), they were housed 8 per box in weaning cages. These cages were assigned one of 2 feeding regimens using Purina LabDiet's 5LG6 irradiated formulation of the NIH-31 (4% fat) diet: (1) Ad libitum (AL) fed mice were given uninhibited access to the grain. They consumed on average 3.3 g food/mouse per day. (2) DR BALB mice were fed 90% of the AL rate (3 g food/mouse per day) at weaning and gradually restricted to 70% of the AL rate (2.3 g food/mouse per day) over the course of 3 months. B6 and F1 DR mice were fed at 70% of the AL rate from weaning. All long-term DR mice were maintained at 70% of the AL intake (2.3 g food/mouse per day) until they were 22 to 25 months of age, and short-term DR mice were maintained on this regimen until used at 6 to 7 months of age. The grams/mouse per day given is an average; the actual amounts fed DR mice were determined as a percentage of the food consumed by matched littermate controls. All mice were maintained on a 12:12 dark/light cycle; DR mice were mechanically fed pulverized grain once per day, 5 hours into their active dark cycle (23:00 hours).
Colony management and animal husbandry followed standard protocols described elsewhere. 25, 27, 28 All procedures were approved by the animal care and use committee of the Jackson Laboratory, and staff veterinarians monitored mice on a regular basis, finding no pathogens. 29 
Sample preparation
BMCs were removed from young AL mice at 2 to 7 months from young DR mice at 6 to 7 months, and from old AL or old DR mice at 22 to 25 months. The BMCs from each mouse were extracted from the tibias and femurs of both hind legs by washing the marrow out with 2 mL of Dulbecco modified Eagle medium (DMEM). 8, 11, 27 Cells were mechanically dispersed and filtered through a 100m Nytex (nylon) mesh (Tetko, Elmsford, NY) to remove debris and assure a single cell suspension. The concentration of nucleated cells was determined with a model Z1 Coulter counter (Coulter Electronics, Hialeah, FL) after cells were lysed with ZAP-OGLOBIN II lytic reagent (Coulter). Isolated BMCs were subsequently used for either fluorescence-activated cell sorting (FACS) analysis (Figure 1 ) or the CRA (Figures 2-4) .
Flow cytometry analysis
BMCs from B6 mice were stained with specific antibodies for fluorescence analysis using Lineage-low (lin Ϫ ), cKit ϩ , Sca1 ϩ , CD34 Ϫ , and Flk2 Ϫ cell surface markers, as this identifies a subpopulation that is greatly enriched for long-term HSC (LT-HSC). [30] [31] [32] [33] [34] [35] Lin Ϫ is actually the lack of response to a cocktail of antibodies against granulocytes (Ly6G/Gr-1, clone RB6-8C5), macrophages (CD11b/Mac-1, clone M1/70), B cells (CD19, clone ID3), T cells (CD3, clone 145-2C11; CD4, clone GK 1.5; CD8, clone 53-6.72), NK cells (NK1.1, clone PK136), and erythrocytic cells (Ly76, clone Ter119). BMCs that were lin Ϫ , c-Kit ϩ (CD117, c-Kit clone 2B8) and Sca-1 ϩ (Ly6A/E, clone E13-161 or clone D7) were further gated with respect to CD34 (clone RAM34) and Flk2 (CD135, clone A2F10) to identify and count subpopulations enriched for LT-HSCs (CD34 Ϫ , Flk2 Ϫ ), short term-HSCs (ST-HSC; CD34 ϩ , Flk2 Ϫ ) and multipotent progenitor cells (MPP; CD34 ϩ , Flk2 ϩ ; Figure 1C ; Table 1 ). All antibodies were purchased from BD Biosciences/PharMingen or eBiosciences (San Diego, CA) and were pretitered to determine optimal staining concentration under identical conditions. Each antibody was uniquely labeled with a specific fluorochrome, except for the antibodies in the lineage cocktail, which were biotinylated. These fluorochromes included Pacific blue, fluoresceinisothiocyanate, phycoerythrin, allophycocyanin, or phycoerythrin-cyanine 7. Biotinylated antibodies were counter stained with allophycocyanincyanine 7-conjugated streptavidin. Propidium iodide (Sigma-Aldrich, St Louis, MO) was used to gate out dead cells.
In BALB, 2 different flow criteria were used to identify HSCs. The first was exactly the same as used in Figure 1B to identify LT-HSCs in B6 (lin Ϫ , cKit ϩ , Sca1 ϩ , CD34 Ϫ , and Flk2 Ϫ ). However, the Sca cell-surface marker, although present in BALB marrow, has an altered phenotype compared with B6 marrow. 36 As an alternative, a second flow criterion identified HSCs in BM by the ability of cells to efflux the Hoechst 33342 stain, resulting in the least fluorescence at 450 nm and 675 nm. These cells, defined as the side population (SP), [37] [38] [39] were then gated with respect to cKit ϩ to further enrich the HSC population ( Figure 1A) . BALB BMCs to be analyzed by the SP flow criterion were first stained for 90 minutes at 10 6 cells/mL of a prewarmed (37°C) buffer containing DMEM, 2% fetal bovine serum, and 5 g/mL Hoechst 33342. Cells were then spun at 350g for 5 minutes at 10°C, decanted, and the pellet resuspended in the residual DMEM. Subsequent staining of BALB samples was done at 4°C, with 2 g/mL Hoechst added to all buffers.
B6 and BALB BMCs, with or without Hoechst 33342, were stained for cell surface markers after filtering with a 100 m Nytex (nylon) mesh (Tetko) to ensure a single cell suspension. BMCs (40 L, of 2.5 ϫ 10 7 cells/mL) were incubated at 4°C for 30 minutes with 10 L of the appropriate antibody cocktail (either cKit for the SP flow criterion or the full set of antibodies described previously in this section) in FACS buffer. 40 Filter sterilized (0.22 m) FACS buffer consisted of NaCl (137 mM), KCl (2.7 mM), KH 2 PO 4 (1.5 mM), Na 2 HPO 4 (8 mM), Na 4 EDTA (2 mM), NaN 3 (3 mM), fetal bovine serum (2%), and Phenol red (0.05 g/L). Cells were then washed with 2 mL of FACS buffer, spun at 350g for 5 minutes at 10°C, sharply decanted, and resuspended in residual buffer. Biotinylated antibodies were then counterstained with the streptavidin conjugate using the same incubation/wash procedure as used with the primary antibodies. Stained BMCs were finally resuspended in 250 L of FACS buffer per 10 6 cells. Propidium iodide (10 L of 20 g/mL) was added immediately before counting.
Analyses were performed on a FACSVantageSE/DiVa (BD Biosciences) using standard techniques described elsewhere. 25 Cellular debris was excluded based on forward scatter and size scatter profiles. Approximately 1 million viable cell events were collected per sample. Assays included fluorochrome minus one controls, and single fluorochrome controls for compensation.
Competitive repopulation
In the long term CRA, 2 ϫ 10 6 BMCs from each treated donor were mixed with 2 ϫ 10 6 BMCs from a standard competitor pool, prepared from young AL-fed mice congenic for the nondonor allele at the glucose 6-phosphate isomerase (Gpi) locus. This allowed donor and competitor cells to be distinguished. In the BALB study, donors were Gpi1 a /Gpi1 a ; competitors were Gpi1 b /Gpi1 b . In the B6 study, donors were Gpi1 b /Gpi1 b ; competitors were Gpi1 a /Gpi1 a . F1 donors and recipients were Gpi1 a /Gpi1 b ; competitors were Gpi1 a /Gpi1 a . Mixtures of donor and competitor cells were injected into the tail veins of 2-to 6-month-old recipients that were lethally irradiated (9-11 Gy) with a Shepherd Mark 1 137 cesium gamma source (J.L. Shepherd, Glendale, CA) 6 hours before injection. Each assay was replicated 2 to 4 times using donors, competitors, and recipients that were matched for strain and sex. Peripheral blood was collected via orbital sinus bleeding of recipient mice 1, 4, and 6 months after transplantation. Lymphocytes and erythrocytes were analyzed separately after isolation using LSM medium (ICN, 50494). The percentage of donor to standard competitor in lymphocytes or erythrocytes was determined from the band densities of Gpi1 alleles separated by cellulose-acetate gel electrophoresis, given in detail elsewhere. [6] [7] [8] The percentage of donor-type Gpi-1 represents the ratio of the donor-contributed repopulating ability to the total (donor plus competitor) repopulating ability of the marrow transplanted, in repopulating units (RUs). We define 1 RU as the repopulating ability of 100 000 standard competitor BMCs; thus, % donor ϭ 100 ϫ donor RU/(donor RU ϩ competitor RU). To calculate donor RU values: donor RU ϭ % donor ϫ competitor RU/(100 Ϫ % donor). [6] [7] [8] 11, 27 In this study, the competitor dose was 2 ϫ 10 6 cells; thus, the competitor RU value was 20. In each experiment, a group of control mice received only competitor BMCs. This group was monitored to insure that irradiated host HSCs did not produce detectable amounts of circulating erythrocytes and lymphocytes. Using a mixture of donor and competitor cells minimizes stress to the mouse and assures rescue from lethal irradiation, regardless of the functional ability of the donor cells because the competitor cells alone are sufficient to maintain recipient health. [6] [7] [8] 
Data analysis
Statistical analyses of variances in flow cytometry and CRAs were performed using the JMP statistical discovery software on the Fit model platform (SAS Institute, Cary, NC). To adjust for heterogeneity of variance, data were transformed using the logit protocol or analyzed using pair-wise comparisons assuming unequal variances. Data are presented as mean plus or minus SE. Of the 52 donors that started the study, 6 were eliminated from the data analysis: 2 donors were eliminated because all recipients died before analysis, 6 months after transplantation. In addition, 4 donors were eliminated because their data were more than 3 SDs from the mean. Donors, determined to be outliers, also had unusually high variability among their recipients.
Results
BALB HSCs
Using the CRA, we compared functional ability of donor BMCs, derived from young and old BALB mice that were fed AL or DR, relative to a genetically distinguishable, standard competitor BMC pool, coinjected into lethally irradiated recipients. The functional ability of BALB BMCs, measured in RUs, decreased approximately 5-fold with age in AL-fed mice (Figure 2A,B) .
In flow cytometric analyses, we used 2 different criteria in independent experiments to estimate concentrations of HSCs in marrow from BALB donors. The first was a modified KSL system (mKSL) using lin Ϫ , Sca ϩ , cKit ϩ , CD34 Ϫ , and Flk2 Ϫ antigenic markers to separate the primitive precursors of hematopoiesis ( Table 1 ). The second, given the lower expression of Sca in BALB mice, 36 used the Hoechst 33342 dye excluding side population combined with cKit ϩ (SP ϩ Kit). The mKSL flow criterion indicated a greater than 18-fold increase with age in the concentration of LT-HSCs from BALB marrow ( Figure 2C ). This, combined with (Table 2) , reveals a greater than 40-fold loss of functional ability with age per BALB LT-HSC ( Figure 2D ). The observed increase in BALB stem cells with age was not merely a loss of cell surface marker recognition increasing the double negative LT-HSC subpopulation, as all classes of cells increased with age and DR (Table 1) . Using the SP ϩ Kit flow criterion, HSC numbers differed from those found by the mKSL criterion ( Figure 2E ; Table 2 ) and did not change with age. However, BMCs from old AL mice showed a very severe loss in function (Table 2 ) and a 24-fold decrease in functional ability per HSC with age ( Figure 2F ). Although functional abilities of BMCs from old AL mice varied in the 2 experiments, as did numbers of HSCs using the 2 criteria, in both cases there was an enormous loss of function per HSC with age, more than 40-and 24-fold, respectively ( Figure 2D,F) . This loss has not been reported previously.
Using the mKSL criterion, DR reduced the age-related increase in LT-HSC number by approximately 2.5-fold while obviating the decrease in function with age. Thus, BMCs from old donors with DR treatment had a function per LT-HSC more than 10-fold greater than LT-HSCs from old AL donors (Table 2 ; Figure 2C,D) . Using the SP ϩ Kit criterion, HSC numbers were similar in young, old AL and old DR donors; however, the meager function of old AL donors was increased more than 50-fold in old DR donors. This resulted in BMCs from old donors on DR having a function per stem cell approximately 27-fold better than those from old AL donors (Table 2 ; Figure 2E ,F). Thus, in both cases, the experiments showed that, despite the high variability in function and number of HSCs from old donors, DR treatment in BALB mice substantially or completely alleviated the age-related losses in overall BM function (Figure 2A,B) and function per HSC ( Figure 2D,F) .
B6 HSCs
In parallel CRA studies, we compared functional abilities of donor BMCs from young and old B6 mice that were fed AL or DR, relative to a genetically distinguishable, standard competitor BMC pool coinjected into lethally irradiated recipients. In stark contrast to BMCs from BALB mice, the functional ability of BMCs from B6 mice increased approximately 3-fold with age ( Figure 3A,B) . For each flow criterion, the frequency (Ϯ SE) of HSCs and functional abilities (RU) were determined in separate groups of BALB BMC donors that are subsets of those presented in Figure 2A ,B. The mKSL flow criterion 48 used lineage Ϫ , Sca-1 ϩ , c-Kit ϩ , CD34 Ϫ , and Flk2 Ϫ , whereas the SPϩKit criterion used the Hoescht effluxing, double-negative side population, 37, 38, 44, 45 plus c-Kit ϩ . Because HSCs were defined per viable BMC and functional ability (RU) per total BMCs, the ratio is a lower limit. However, flow cytometry viabilities were about the same in both experiments, so relative ratios are correct.
*P Ͻ .001 versus young AL controls. †P Ͻ .01 versus young AL controls. ‡P Ͻ .05 versus young AL controls.
In cytometric analysis, we used mKSL with lin Ϫ , Sca ϩ , cKit ϩ , CD34 Ϫ , and Flk2 Ϫ antigenic markers to assay concentrations of HSCs (Table 1) in marrow from young and old, AL and DR fed, B6 donors. Numbers of LT-HSCs increased approximately 3-fold with age in B6 mice ( Figure 3C ). As in BALB, the observed increase in the number of B6 LT-HSCs is not merely a loss of marker recognition increasing the double negative LT-HSC subpopulation, as numbers of both ST-HSCs and MPPs are increased as well (Table 1) . When the functional ability is expressed per LT-HSC, there is no significant difference between young and old ( Figure  3D ). In B6 mice, the increase in functional ability of the whole marrow with age is accomplished by increasing the number of LT-HSCs present, not by altering functional abilities of stem cells.
Although DR in BALB mice reduces the loss of function with age, DR did not alter the increase in repopulating ability ( Figure  3A ,B) or LT-HSC number ( Figure 3C ) observed in B6 mice with age. LT-HSC numbers were slightly reduced in young DR B6 mice compared with similarly aged controls. Even though, in young mice, DR did have a statistically significant effect on HSC numbers and function per stem cell (RU/LT-HSC; Figure 3D ), this may not have any biologic significance, as it may merely reflect a temporary acclimation to reduced food intake.
F1 HSCs
In the F1, the CRA compared donor BMCs of young AL, old AL, and old DR fed mice relative to the genetically distinguishable F1 standard competitor pool coinjected into lethally irradiated F1 recipients. The functional abilities of BMCs from the F1 significantly increased with age, with approximately a 2-fold increase in repopulating ability ( Figure 4A,B) . DR did not alter the age-related effects, giving the F1 mice an overall pattern similar to that of B6 mice. The increase with age was, however, less pronounced.
Multilineage function
Besides repopulating ability, HSCs are defined by their ability to produce both myeloid and lymphoid lineages. We tested whether age or DR alters the ability of HSCs to proportionally produce multiple lineages of differentiated cells by measuring the ratio of erythrocyte percentage to lymphocyte percentage (E/L ratios) in peripheral blood 6 months after transplantation. By 6 months, the peripheral blood is composed of cells descended from the injected marrow, as demonstrated by experiments in which platelets, granulocytes, B cells, and T cells were produced proportionally from the same precursors by 8 weeks after transplantation. 41 The E/L ratio was determined for donors of all 3 genotypes ( Figure 5) . In BALB mice, there is a 2-fold decrease in E/L with age, which is partly restored by DR. In contrast, in B6 mice, the E/L ratio significantly increases in the young DR mice as well as in both old AL and old DR mice but is consistently less than 1.0. The F1 hybrid pattern has a greater similarity to the BALB than the B6 pattern. This correlation between parent and F1 hybrid ( Figure 5 ) is opposite that found in the CRA data, suggesting that the B6 HSC aging phenotype is not entirely dominant. 
Discussion
The aging of BALB HSCs is a good example of how adult stem cells can lose function with age and how DR can reverse these effects. The fact that DR has little effect on HSCs from young BALB mice, but a large effect on HSCs from old BALB mice, suggests that DR does not alter a regulatory setting but protects against degradation of functional capacity over the lifespan. The ability of lifelong DR in BALB mice to retard the loss of functional abilities per aging HSC is especially dramatic (Table 2 ; Figure  2D ,F), and has not been reported previously. The changes in HSC repopulating abilities are no doubt the consequence of several cellular functions that can be altered by genotype, age, and diet. This study, like most that have measured HSC ability in vivo, does not identify which cellular functions are defective. Thus, to mitigate the severe loss of function per HSC in old BALB mice, DR may alter the ability of HSCs to home, engraft, renew, or differentiate. The differences observed in old AL mice between experiments using different flow criteria (Table 2 ) are in part because of the large natural variations in function and health found in aged AL mice and in part because of the inherent differences in the flow criteria.
The dramatic age-related decrease in function per cell in BALB mice, shown when using the mKSL flow criterion (Figure 2D ), is in part because of the large increase in LT-HSC number with age ( Figure 2C ). Previous studies examining flow cytometry criteria indicate that cell marker fidelity changes with age in some subpopulations. 42 Using the mKSL flow cytometry criterion, we found that concentrations of all classes of progenitors, both positive and negative for CD34 and Flk2, increase 1-2 orders of magnitude with age. Thus, the huge increase in LT-HSC with age cannot merely result from a loss of CD34 and Flk2 recognition in other classes of progenitors ( Table 1 ). The substantial differences in HSC number in young, old, and old DR marrow, depending on which criterion was used ( Table 2 ), demonstrate that other flow cytometry criteria may be useful in determining HSC concentration in aging mice. Future studies will take advantage of the Slam family, 42, 43 or other new markers, which minimize changes in marker fidelity with age and can be used across strains of mice.
We considered, as well, whether DR might alter the expression of cell markers used in flow cytometry. There is no evidence for this in B6, where lifelong DR alters neither HSC number nor function (Figure 3) . In BALB, where DR has dramatically different effects on HSC numbers and function, it results in values for both that are closer to those found in young controls ( Figure 2C,E) . The trend is consistent with the effect of DR on hundreds of disparate changes with age and suggests that DR does not merely alter cell markers. B6 mice exhibit a completely different pattern of marrow and HSC aging than BALB mice; overall functional ability of marrow increases with age, and DR does not alter this effect (Figure 3) . Although DR increases lifespan and decreases cancer in B6 mice, [19] [20] [21] [22] [23] 25, 26 DR probably fails to increase HSC functional ability in aged B6 donors because levels are already higher than that found in young controls (Figure 3) . In the F1, functional ability of marrow also increases with age and is not altered by DR (Figure 4) , suggesting that this B6 phenotype is genetically dominant. In addition, in stark contrast to BALB, the functional abilities per HSC in B6 mice are nearly constant throughout the lifespan ( Figure  3D) . Thus, the increase in marrow function with age in B6 mice can be directly attributed to the increased numbers of HSC in the marrow. Previous studies of the effects of age on functional ability per HSC in B6 mice used a variety of flow cytometry markers and, although having similar trends, gave differing results. 7, 10, 42 The discrepancies between laboratories may be the consequence of the different flow criteria, as well as differences in the exact techniques used to measure repopulating ability. The current study is the first to define effects of DR on HSCs from B6 mice and shows that DR had little effect on either HSC number or functional abilities per HSC ( Figure 3C,D) .
The typical set of FACS markers historically used to isolate LT-HSCs from B6 proved to be a useful criterion in BALB ( Figure  2C,D) . BALB marrow is, though, known to have a lower expression of the cell surface marker Sca. 36 In B6 mice, 99% of the marrow repopulating ability is from cells expressing Sca. This is reduced in BALB marrow to 25%; however, the cells expressing Sca have the same marrow repopulating ability as Sca ϩ cells found in B6 marrow. 36 Therefore, the number of LT-HSCs determined with the mKSL criterion in BALB should be proportional to the total pool of marrow repopulating cells. We verified our results using the cKit marker in conjunction with Hoechst SP. CD117, cKit, is present on both LT-HSCs and ST-HSCs; however, selecting hematopoietic cells that efflux the Hoechst dye more effectively (toward the tip of the SP) enriches the subpopulation for the more primitive LT-HSCs ( Figure 1A) . 36, 37, 44, 45 Interestingly, with this SP ϩ Kit criterion, DR completely prevents loss of function per HSC ( Table 2 ). The differences in subpopulations between strains preclude a direct statistical comparison of RU/HSC values. This does not alter the thrust of this study, which focuses on the effect of lifelong DR on HSC function within a given strain. Regardless of which flow criterion is used, DR in BALB mice partially or entirely prevents the age-related loss of function per HSC. In B6 mice, DR does not alter function where no loss in ability with age is observed.
Although the overall repopulating ability of B6 BM increases with age and the functional ability per stem cell (RU/LT-HSC) appears to be constant (Figure 3) , this does not mean that HSCs from B6 avoid aging. We have previously shown that B6 HSCs have a decreased ability to repopulate lethally irradiated recipients after serial transplantation, 6,11 which has been confirmed by an independent group. 15 It is also known that there is a decrease in homing and engraftment with age. 46 In the current study, HSC aging in B6 mice can be seen in the alteration of the E/L ratio, which measures another aspect of HSC function, multilineage differentiation. The observed increase with age in the E/L ratio found in B6 mice ( Figure 5 ) is consistent with previous reports that show a relative increase with age in myeloid production and/or a decrease in lymphoid production. [46] [47] [48] [49] [50] This effect of aging in B6 may reduce the ability to fight infections by lowering the overall immune capabilities of the animal. 49, 50 This is the first report of how aging affects the E/L ratio in BALB or F1 mice, where the trend with age is opposite that found in B6 mice. In BALB mice, the E/L ratio exhibits a pattern of stem cell aging that is retarded by DR ( Figure 5) , consistent with the pattern of repopulating abilities (Figure 2 ). In contrast, the E/L ratio in BMCs from young B6 donors is altered by DR in a manner similar to that associated with aging. The trends in the E/L ratio with age and DR in F1 mice are similar to the BALB parent. This is in contrast to data on repopulating ability, where F1 mice were similar to B6; thus, differences in HSC aging between BALB and B6 mice appear to be regulated by at least 2 independent genetic loci. In general, effects of age and DR on multilineage function ( Figure 5 ) are smaller than on overall repopulating abilities ( Figures 2-4) ; however, the strain difference is striking.
These results indicate that DR contradicts the current paradigm that increasing adult stem cell function to levels found in the young, to avoid senescence, must be balanced against the risk of higher incidences of cancer. [12] [13] [14] In BALB mice, DR, a treatment that is known to increase life span and reduce cancer risk, increased the marrow repopulating ability of old mice to at least levels found in young mice, and greatly improved function per HSC (Table 2; Figure 2 ). DR decreased the risk of developing a wide variety of spontaneous cancers in B6 mice, [19] [20] [21] a strain in which HSC functional ability increases with age. DR in B6 mice does not alter the functional ability with age ( Figure 3A,B) , which is already at levels greater than in the young. Therefore, DR breaks the paradigm in both BALB and B6 mice because it decreases the risk of developing cancer yet maintains or reduces the loss of marrow function and function per HSC with age.
This study demonstrates the importance of examining different strains when considering the effects of treatments on the aging of stem cells. The strikingly divergent responses of BALB and B6 mice in all 3 measures of HSC function make them useful models for determining the underlying mechanisms regulating the HSC proliferation, aging, and the DR effect. The hypothesis that effects of age or DR on HSCs are caused by a particular molecular change can be easily tested, as it must affect BALB and B6 mice in these different ways. For example, recent studies of HSCs, 15 neural stem cells, 16, 17 and islet stem cells 18 show an increase in P16 ink4a expression with age that leads to a reduction of stem cell proliferation. This regulation of stem-cell function by tumor suppressors may be the mechanism by which aging cells balance proliferative ability against the increasing risk of cancer with age. 14 Here, we show that DR reduces the loss of stem-cell proliferation with age in BALB mice. If tumor suppressors are regulating the DR effect on functional ability, it would predict that levels of p16 INK4a would be reduced in BALB mice with lifelong DR compared with similarly age AL controls. In contrast, p16 INK4a levels in B6 HSCs should remain constant regardless of DR. BALB mice on lifelong DR may be able to maintain low levels of p16 INK4a , and thus more normal levels of proliferative ability, by reducing the mutation rate obviating the need for tumor suppressors. This would maintain or reduce the loss of function with age, reduce the incidence of cancer, and increase lifespan as observed in mice on DR. Learning how to maintain or increase function of stem cells in aging mammals while reducing cancer rates will have important implications for human health.
